Snake venom gene evolution has been studied intensively over the past several decades, yet most previous studies have lacked the context of complete snake genomes and the full context of gene expression across diverse snake tissues. We took a novel approach to studying snake venom evolution by leveraging the complete genome of the Burmese python, including information from tissue-specific patterns of gene expression. We identified the orthologs of snake venom genes 15 in the python genome, and conducted detailed analysis of gene expression of these venom homologs to identify patterns that differ between snake venom gene families and all other genes. We found that venom gene homologs in the python are expressed in many different tissues outside of oral glands, which illustrates the pitfalls of using transcriptomic data alone to define "venom toxins." We hypothesize that the python may represent an ancestral state prior to major venom development, which is supported by our finding that the expansion of venom gene families is largely 20 restricted to highly venomous caenophidian snakes. Therefore, the python provides insight into biases in which genes were recruited for snake venom systems. Python venom homologs are generally expressed at lower levels, have higher variance among tissues, and are expressed in fewer organs compared with all other python genes. We propose a model for the evolution of snake venoms in which venom genes are recruited preferentially from genes with particular expression profile characteristics, which facilitate a nearly neutral transition toward specialized venom 25 system expression.
Introduction
Snake venoms and their evolutionary origins have received 30 substantial attention over the past several decades (Vidal 2002; Fry et al. 2006; Casewell et al. 2014) , including the evolutionary processes that have led to the toxic effects of these proteins . A dominant hypothesis for the evolutionary origins of most venom toxin families 35 involves the duplication of nontoxic genes, with subsequent neofunctionalization of gene copies to adaptively modify the structure and function of these proteins (Ivanov CP and Ivanov OC 1979; Ivanov 1981; Fujimi et al. 2003; Fry 2005; Fry et al. 2006 Fry et al. , 2009 Tamiya and Fujimi 2006; Kini and 40 Chinnasamy 2010; Casewell et al. 2012) . Recent genomescale resolution of this phenomenon has confirmed many of these assertions, indicating that in some cases the process of toxin gene duplication can result in expansive multilocus venom gene families, as observed in the king cobra genome of their functional role in oral secretions remains an important yet insufficiently studied question.
Although most previous studies have focused on either gene duplication or patterns of molecular evolution of snake venoms (Fry 2005; Fox and Serrano 2008; Casewell et al. 2013) , no previous studies have focused on the role that gene expression might play specifically in this venom gene recruitment process. The genes that have been targeted for recruitment into venoms appear to share certain common attributes, which support the hypothesis that successful recruitment may be linked to functional constraints of the recruited proteins (Alape-Gir on et al. 1999; Fry et al. 2009 ). Successful recruitment of genes as venom toxins hypothetically requires a transition in which 85 nascent venom proteins must be targeted for gene expression in specific tissues (i.e., the venom glands). Therefore understanding the evolution of expression of such genes is an essential but largely absent component for understanding their functionality, origins, and the constraints that have 90 shaped venom repertoires. Gene expression in the venom glands of snakes has been evaluated in a number of studies (Junqueira-de-Azevedo and Ho 2002; Pahari et al. 2007; Doley et al. 2008; Margres et al. 2013) , but due to the relative scarcity of comparative expression data for other 95 snake tissues, venom gland gene expression is rarely viewed in the broader context of expression across diverse tissues (e.g., Hargreaves et al. 2014) . It therefore remains unknown whether certain protein expression characteristics might favor their recruitment as venom toxins, or whether their 100 expression profiles are not a relevant factor influencing recruitment.
There is uncertainty and debate over the origins of venom systems in squamate reptiles, with a common view being that a core venom system evolved a single time in the common 105 ancestor of snakes and a clade of lizards, referred to collectively as the Toxicofera (Fry et al. 2006 ). This hypothesis remains controversial largely due to disagreement about what, indeed, constitutes a "venom toxin" (Terrat and Ducancel 2013) as well as a lack of apparent venom homolog expression 110 and function in multiple large clades of Toxicoferan lizards (Fry et al. 2010 . A functional definition for venom would be that it is a specialized glandular secretion which causes deleterious effects to a recipient organism when injected; this secretion is typically protein-rich and may consist 115 of many different molecules or toxins, often representing a specialized trophic adaptation which facilitates prey handling (Mackessy 2002) . However, there is continued debate of details of this definition (Nelsen et al. 2014) . Current evidence indicates that a massive radiation of snakes with highly toxic 120 venoms probably evolved after the divergence between the python and caenophidian snakes, which include, elapids, colubrids, lamprophiids, and viperids (Vidal 2002; Fry and W€ uster 2004) . Accordingly, recent genomic evidence from the king cobra demonstrates that many toxic venom gene 125 families have experienced substantial duplication and divergence in the cobra relative to the python . Collectively, these data indicate that the Burmese python (Python molurus bivittatus) may provide a system in which to estimate patterns of gene expression prior to the expansion 130 of highly toxic venom genes in caenophidian snakes, particularly in the highly venomous colubroid snake lineages ( fig. 1) . The genome and genomic resources of the nonvenomous Burmese python (Castoe et al. 2013 ) thereby offer a unique opportunity to study patterns of expression for genes re-135 cruited into the snake venom system within the context of a complete set of snake genes and a large set of gene expression data from diverse python tissues and organs.
In this study, we use the python genome and tissue-specific expression data to investigate the origins of venom genes 140 in highly venomous caenophidian snakes and to assess the validity of defining genes as "venom toxins" based solely on evidence of gene expression detected in the oral glands of squamates. As a first step toward addressing these goals, we conducted thorough analyses to identify the relationships 145 between python genes and known venom genes from caenophidian snakes and other squamate reptiles, and we provide new evidence for the orthology and patterns of gene expansion in snake venom gene families. We used these estimates of gene orthology together with python 
Results

Estimates of Python Gene Homology to Known Venom Genes
We were able to confidently identify the homologous gene
160
(or genes) in the python for 20 of the 24 venom gene families analyzed (table 1 and supplementary table S1 , Supplementary Material online). We identified a single orthologous gene in the python for 15 of the venom gene families, whereas two homologs were found for cystatin, metalloproteinase, phos-165 pholipase A 2 (PLA 2 ), serine proteinase, and veficolin. In the case of PLA 2 , however, we found two separate clades of venom genes, each with a single ortholog in the python. Our analyses resulted in the identification of a total of 25 homologs for 20 gene families (supplementary figs. S1-S20,
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Supplementary Material online). Phylogenetic inferences of orthology of python venom homologs in relation to known venom genes were strongly supported for 19 gene families (495% posterior probability; supplementary figs. S1-S20, Supplementary Material online). Only the python orthologs 175 for exendin had posterior support below this threshold, with 92% posterior support. In bradykinin potentiating peptide/natriuretic peptide (BPP) and sarafotoxin, orthologous sequences could not be confidently identified by phylogenetic analyses; these genes appear to have many domain insertions and de-180 letions yielding poor alignments and it is known that sarafotoxin presents a unique structure which is very distinct from its putative ancestral endothelin protein (Takasaki et al. 1992; Ducancel et al. 1993 ). The other genes for which a python homolog could not be inferred with confidence from phylogenetic analyses were crotamine and waprin. Several studies have found homologous sequences for these genes in nonvenomous reptiles with either low posterior support or when no reptilian outgroups were included, which we believe may result in a biased inference of gene relationships (Fry 190 2005; Fry et al. 2006; Vonk et al. 2013) . Given an absence of quality alignments for these four gene families, we instead used protein similarity (based on the best tBLASTx hit) to estimate the probable homolog in the python for subsequent analyses. In total, further analyses therefore included 29 gene 
Comparison of Expression Profiles of Python Venom Homologs across Tissues
205
Twenty of the 29 venom homologs identified in the python show at least some level of gene expression in the python rictal gland ( fig. 2A and B) . Four venom homologs (3FTs, Ctype lectin, veficolin I, and vespryn) show their highest levels of expression in the rictal gland. Of these, C-type lectin is ex-210 pressed at levels that are orders of magnitude higher in the rictal gland than in any other tissues surveyed (1,000-10,000 counts per million [CPM]), whereas 3FTs, vespryn, and veficolin orthologs are expressed at intermediate to high levels (100-1,000 CPM). All of the venom homologs that show 215 expression in the rictal gland, however, show some level of expression in other python tissues. Two venom homologs, 5 0 -nucleotidase and cobra venom factor, show very high levels of expression in the liver (1,000-10,000 CPM) and phosphodiesterase is found expressed at similar levels in the small intes- 0 -nucleotidase, exonuclease, metalloproteinase A, phosphodiesterase, and PLA 2 I. Eighteen of the 29 homologs are expressed in at least half of all tissues samples, but only four of them are expressed at medium to high levels (100-1,000 CPM) in most tissues ( fig. 2 ). In contrast, ten python venom orthologs are expressed in only seven tissues or less and at low levels (<100 CPM). Thus, although the majority of venom homologs are expressed in the rictal gland, other tissues 230 demonstrate similar or higher levels of expression of these same genes, and the brain, small intestine and kidney had more venom homologs being expressed than the rictal gland ( fig. 2 ).
Statistical Enrichment Analysis of Python Venom
235
Gene Homolog Expression
Comparison of expression patterns between all other python genes versus python venom homologs indicates that python venom homolog expression is statistically different from the patterns observed for all other genes. Venom homologs tend 240 to be expressed at lower levels (0-1 CPM) more frequently than expected, and are less commonly expressed at intermediate levels (10-100 CPM; fig. 3A ). Very similar patterns of deviation from the complete set of genes are observed when only genes with known cytotoxic activity are compared with 245 all other python genes ( fig. 3B ).
To address the question of whether venom homologs tend to be expressed in more or in fewer tissues compared with all python genes, we used multiple expression levels as cutoff values for "presence" in a tissue because it is unclear what 250 level of expression might be physiologically relevant. At the lowest threshold for presence (41 CPM), venom homologs were enriched for higher frequencies of presence in a single tissue, and their presence was substantially underrepresented in many tissues ( fig. 4A ). The trend of venom homologs to be 255 present at greater than expected frequencies in a single tissue was also found at higher thresholds of 410 CPM, 4100 CPM ( fig. 4B and C), and 41,000 CPM (data not shown). Finally, we asked whether the variation in venom homolog expression across tissues was significantly different than that of all 260 python genes, and found that python venom homologs tended to show greater variation in expression levels across tissues, based on the standard error in expression levels across tissues ( fig. 4D ).
Discussion
265
Our findings provide broad evidence that there are one or two venom gene orthologs present per venom gene family in the python genome. These gene families appear to have undergone varying degrees of duplication and diversification in highly venomous caenophidian snake lineages (including el-270 apids, viperids, and others) and in several cases, result in large multilocus gene families that encode many related toxins. The python belongs to a lineage that is the sister group to the caenophidian snakes, which appears to have diverged from caenophidian snakes prior to the expansion and diversifica-275 tion of major venom gene families (table 1 and fig. 1 ). These findings have two important ramifications. First, they suggest that regardless of when venom systems may have initially evolved in squamate reptiles, either a single time in the ancestor of the Toxicofera (Fry et al. 2006) or independently 280 in caenophidian snakes and lizards (Kochva 1978) , substantial venom gene family expansion and diversification is unlikely to have occurred in snakes prior to the caenophidian lineage (Casewell et al. 2012; Vonk et al. 2013) . The availability of additional genomes from basally diverging snake lineages 285 (e.g., blindsnakes) would be valuable to test this hypothesis further, as it is possible that instead the python secondarily lost many copies of venom genes that were duplicated early in snake or toxicoferan evolution. However, this alternative hypothesis seems unlikely, as it would require that the python 290 would have independently lost numerous copies of at least seven different venom gene families (see 
NOTE.-Gene numbers are based on the following citations: Python (this study), cobra , vipers (Casewell et al. 2009 (Casewell et al. , 2014 , rattlesnake (Pahari et al. 2007) . Gene numbers for the Cobra are based on the complete genome sequence; estimates for vipers and the rattlesnake are based on venom gland transcriptome data and may represent a lower bound. LAAO, L-amino acid oxidase; VEGF, vascular endothelial growth factor. a Orthologs represent venom genes where homology could not be inferred by gene trees.
in the python may provide evidence for biases in the processes of venom gene recruitment in caenophidian snakes related to patterns of expression of ancestral venom gene homologs.
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With the increasing availability of transcriptome sequencing, it has become common for researchers to sequence the transcriptome of venom glands or other oral glands of squamate reptiles and other venomous taxa (Casewell et al. 2009; Whittington et al. 2010; Vonk et al. 2013) .
305
Based on such data, it has also become common to identify transcripts of genes with sequence similarity to known venom toxins, to define these as "venom toxin" transcripts, and in some cases even classify a particular species as "venomous" (Fry et al. 2009 (Fry et al. , 2010 ). Here we compared gene expres-310 sion of python venom homologs in the rictal gland, an oral gland, with that of other python tissues. We find that although the rictal gland does indeed show expression of many venom homologs, these homologs are also expressed at comparable levels in many other tissues. In some limited 315 cases, such venom homologs are expressed at remarkably high levels in particular organs or tissues ( fig. 2) 
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Evolution of Snake Venom . doi:10.1093/molbev/msu294 MBE in a given tissue, as has also been argued recently by Hargreaves et al. (2014) . Expression patterns in the rictal gland ( fig. 2) are intriguing, particularly with regards to 3FTx 325 and C-type lectin orthologs, which at first glance appear to be consistent with previous reports of venom production in some Australian pythons . Interpreting these data under the Toxicofera hypothesis would suggest that the high amplification of such genes in the rictal gland might be 330 an artifact of the shared evolutionary history of the venom system with other toxicoferans, with the python "venom system" presumably atrophying following a switch to using constriction for prey capture . However, it is important to note that even these levels observed in the 335 python rectal gland are not particularly unusual compared with expression patterns of other toxin orthologs in various nongland tissues ( fig. 2) . Additionally, in the absence of (Palmer et al. 2007 ) and regulators of limb regeneration (Garza-Garcia et al. 2009 ). Thus, using such data singularly from an oral gland and reaching the conclusion that venom homolog expression represents evidence of "venom toxin" 350 production, or "venomousness" of a species, would be baseless without additional evidence for a functional role of such gene products. An old report suggested toxicity of rictal gland material from Eryx and Uropeltis to birds (Phisalix and Caius, 1918) , so it is possible that the rictal gland of Python could 355 have toxic properties, but this hypothesis has yet to be tested; further, the relevance of dosages and identity of material used is unclear. We also suggest caution when interpreting toxicity data outside of a biologically relevant context; for example, although submaxillary gland secretions of male Mus musculus 360 were rather toxic to rats, the interpretation of this secretion as either an offensive or defensive venom is inconclusive at best, as rats quickly kill mice using mechanical means, in spite of the submaxillary glands.
Our results indicate that the probability of successful 365 recruitment of a particular gene for use in caenophidian venom systems may have been biased by the ancestral expression pattern of that gene. Compared with all other python gene expression profiles, python venom homologs tend to be expressed at lower levels overall, expressed at 370 moderate-high levels in fewer tissues, and show among the highest variation in expression level across tissues. These python venom homologs also tend to have higher expression in a single tissue and tend not be expressed in all tissues. In highly venomous caenophidian snakes, recent studies 375 have shown that highly toxic venom proteins are expressed at moderate to high levels in the venom gland and low-moderate levels in the accessory venom glands ), but there are only limited data on their expression levels in other tissues. What is known about their expression in diverse 380 tissues pertains only to their presence/absence (Hargreaves et al. 2014) , which substantially limits insight into their relative biological activity in those tissues, particularly as we find here that python venom homologs may be expressed at levels that span more than 4 orders of magnitude across tissues. Many 385 caenophidian venom toxins are known to be cytotoxic (Lee 1972) , to the extent that they are difficult to study in expression vectors (Brenes et al. 2010) ; within the caenophidian venom gland, redundant mechanisms maintain these venom toxins in a competent but inactive state (Mackessy 390 and Baxter 2006). The expression of such genes at high (biologically active) levels in other nonvenom-related tissues would thus likely be deleterious. These data collectively indicate that during the evolutionary recruitment of such venom toxins in caenophidian snakes, the evolution of venom 395 protein toxicity and higher levels of "venom toxin" expression in the venom system must have been coordinated with an increase in the degree to which such a toxin's expression is confined to venom system tissues. For most venom gene families in caenophidian snakes, this process also appears to 400 be coupled with gene duplication and neofunctionalization through accelerated point mutation (Nakashima et al. 1995; Deshimaru et al. 1996 ; Kordi s and Guben sek 2000), accelerated segment switch in exons (Doley et al. 2008 (Doley et al. , 2009 which is favored as a default by regulatory architecture favoring low near constitutive expression, 2) switching of tissuespecific higher expression levels to target oral/venom glands, and 3) reduction in expression levels in nonvenom-related tissues that is driven by the degree of toxicity to the tissue 425 itself. In this model, the evolution of toxicity (i.e., neofunctionalization) would be constrained by two factors: The functional requirements and expression levels of the protein in nonvenom tissues. Gene duplication would release the first of these two constraints, allowing the evolution of reduced 430 expression in nonvenom tissues, and thus allowing the evolution of greater toxicity to prey. This SINNER model therefore implies the existence of a nearly neutral intermediate phase during which the pace of evolution of the toxicity of a venom gene product is balanced by the tissue-specificity 435 and magnitude of its expression, and it accounts for variation in the evolution of toxicity of such venom homologs in various lineages due to differential patterns of drift and selection. The SINNER model thus successfully predicts that a large number of different gene families may exist in venom 440 systems and possess members with different toxicity and expression levels in different lineages, as the expression of those gene families in the venom gland (or any tissue) is a physiological default to some extent. Also, different genes may occupy one of an infinite number of steps along the 445 continuum of the recruitment model's nearly neutral intermediate landscape due to both selection and drift. For example, even though 3FTs do not constitute the main components of viperid venom, they are still expressed in viperid venom glands (Pahari et al. 2007 ); on the other hand, metalloproteinases and serine proteinases, both important components of viper venom, but not of elapid venom, are still expressed but at low levels in elapid venom 7 Evolution of Snake Venom . doi:10.1093/molbev/msu294 MBE glands (Correa-Netto et al. 2011; Jiang et al. 2011; Margres et al. 2013) .
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Some venom genes are also known to produce multiple splice variants (Ducancel et al. 1993; Cousin et al. 1998; Siigur et al. 2001) , and it is relevant to consider how these alternative transcripts may contribute to evolution under the SINNER model. If alternative splicing were capable of producing toxic and nontoxic peptides from the same gene, this would decrease the relative role of gene duplication, and would also increase the number of evolutionarily labile features that could act to shift venom toxin expression toward venom gland specificity. Specifically in the case of alternative splice 465 variants, evolution could act on small interfering RNAs and spliceosomal components, in addition to promoter/enhancer/repressor regulatory elements, to accomplish venom gland targeting of toxic peptides; thus, alternative splicing may act to increase the evolvability and rate of progression 470 of genes across the continuum of the SINNER model.
Although we have developed the SINNER model of gene functional recruitment based on snake venom genes, many aspects of this model may apply equally well to other instances of evolutionary co-option of genes that involve 475 duplication and sub-/neo-functionalization. Particularly when there is selection for novel tissue function (e.g., salivary-to-venom gland function), genes that are essentially constitutively expressed in many tissues at low levels and at higher levels in a small number of tissues may be important 480 "raw material" for shifting tissue function through co-option of these genes in a variety of biological circumstances. It is likely that the SINNER model of gene co-option and recruitment may also fit the evolution of venom systems in other animals, and comparative analysis of gene expression across 485 diverse tissues and venomous and nonvenomous sister lineages will be important for evaluating the explanatory power of this model in these systems. One prediction of the SINNER model is that a venom repertoire should contain a diverse collection of gene families, some of which are 490 expressed as a physiological default, and some will be intermediate on the spectrum between high secretion level, venom system specificity, and toxicity, and thus will not be particularly toxic. For example, even though 3FTs do not constitute the main toxic components of viperid venom, they are 495 still expressed in viperid venom glands (Pahari et al. 2007) . Similarly, metalloproteinases and serine proteinases, both important functional components of viper venom, but not of elapid venom, are expressed at low levels in elapid venom glands (Correa-Netto et al. 2011; Jiang et al. 2011; Margres 500 et al. 2013) . Some of the most common venom components include CRISp (cysteine-rich secretory protein), waprin/kunitz, hyaluronidases, serine proteases and PLA 2 , among many others (Fry et al. 2009) , and even though the same venom protein families can be found across venoms of several animal 505 phyla, their unique patterns of expression, functionality, and toxicity can vary considerably among species (e.g., Kreil 1995; Ma et al. 2010; Whittington et al. 2010; Ruder et al. 2013; Undheim et al. 2014) , which is consistent with predictions from the SINNER model.
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Similar to our study, a recent study also found evidence for the presence of venom homologs and known venom genes in diverse tissues of nonvenomous and venomous snakes, respectively (Hargreaves et al. 2014) . Based on these data, the authors argue for a shift in the otherwise broadly accepted 515 model of venom gene duplication and recruitment, and suggesting instead that this process be viewed as "restriction" rather than recruitment because venom genes do not appear to be targeted de novo to venom glands but instead are "restricted" to venom systems over evolutionary time.
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Their conclusions do share some aspects of our SINNER model in that venom genes are not likely de novo targeted to the venom gland, but instead undergo a spectral evolutionary transition toward venom gland-specific targeting. Analysis of next-generation RNA-sequencing data to measure 525 expression is so highly sensitive to extremely rarely expressed transcripts, however, that their use of a "presence-absence" detection of venom-related transcripts is potentially misleading and is capable of detecting transcripts far below the levels at which they will produce physiologically relevant biologically 530 active proteins. Thus, future work examining organism-wide patterns of venom gene expression should carefully consider the relative frequencies of venom homologs in the context of estimating patterns of expression across tissues to differentiate between biologically relevant expression levels and ex-535 tremely rare transcripts due, for example, to slightly "leaky" promoters.
As additional genomic and transcriptomic information becomes available for snakes, particularly different lineages of highly venomous caenophidian snakes as well as in more 540 basally diverging lineages of snakes (e.g., Scolecophidian blindsnakes) and toxicoferan lizards, it will be interesting to further test the SINNER model for snake venom gene recruitment, and the hypothesis that venom gene expansion occurred "late," in the caenophidian lineage. Such diverse 545 sampling across the toxicoferan tree is ultimately required to more definitively determine how evolution has shaped tissue expression patterns of venom homologs in the development of squamate venom systems. The SINNER model, our data from the python, other evidence for venom homolog 550 expression in multiple nonvenom gland tissues in other venomous and nonvenomous snakes (R adis-Baptista et al. 2003; Whittington et al. 2008; Hargreaves et al. 2014) , and the lack of evidence for toxicity or function of multiple venom components relevant for prey capture (Lavin 2010; Ahmed et al. 555 2012; Fry et al. 2012) , collectively suggest that a strict and static definition of a gene family as representing "venom toxins" is inaccurate. Instead, these data indicate that a set of venom gland (or other oral gland) secretions may represent a collection of proteins that span the full continuum of stages 560 in the evolution of toxicity and functionality as venoms, some of which may be present largely due to random processes rather than selection for function as venom. Thus, the definition of proteins as "venom toxins" based solely on homology in the absence of functional evidence of toxic effects on prey (or other functional advantages for prey handling) may be misleading. Accordingly, our results indicate the need for a critical re-evaluation of the criteria required to MBE consider a protein a "venom toxin" across the tree of life, not only in snakes. We suggest that such criteria should incorpo-570 rate more direct evidence for the toxicity or function of such proteins in prey handling.
Materials and Methods
BLAST Analyses to Identify Python Gene Homologs of Known Venom Genes
We studied a total of 24 venom gene families (Mackessy 2002 (Mackessy , 2010a (Mackessy , 2010b ), which we obtained examples from GenBank (table 1 and supplementary table S2 , Supplementary Material online). These 24 venom gene families represent the vast majority of known squamate venoms, and the only one 580 with available DNA sequences. To identify homologous genes in other lineages, we blasted each venom gene to the complete protein coding sequences (CDSs) of the human, anole lizard, Burmese python, and king cobra using tBLASTx. CDS files were obtained from Ensembl (Flicek et al. 2014) and from recently published snake genomes (Castoe et al. 2013; Vonk et al. 2013) . From each BLAST search, we retained the top three hits for each taxon based on its E value (E value <1e-05), and the top three hits based on bit scores (bit score 4 70). If neither criterion was met, we 590 retained the highest E value hit and the gene with the highest bit score for each queried species. To increase phylogenetic resolution, we included additional sequences from several other vertebrate species from GenBank, and sampling used previously ).
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Phylogenetic Analysis to Identify Gene Homologs
We conducted first-pass alignments of translated amino acid sequences using Muscle (Edgar 2004) . Once aligned, sequences were converted to nucleotides, and nucleotidelevel alignments were used for all subsequent analyses. We 600 estimated best-fit models of nucleotide evolution using PartitionFinder (Lanfear et al. 2012) . We inferred phylogenies in MrBayes version 3.2.1 (Ronquist et al. 2012) . For each gene, we ran two simultaneous analyses of 10 7 generations and sampled the chain every 10 3 generations. We confirmed 605 mixing and convergence using Tracer V.1.5 (Rambaut and Drummond 2007) and discarded the first 10% of all runs as burn-in. After first-pass analysis, we identified nonhomologous sequences as those with extremely long branches and very low posterior support (<50%), and these sequences were 610 removed from alignments, alignments were reoptimized, and we estimated new phylogenetic trees based on these revised alignments.
Analysis of Gene Expression Data from the Python
We used all gene expression data available for the Burmese 615 python (Castoe et al. 2013) . Where available, expression data from multiple individuals were combined per tissue for all analyses. We normalized read counts using TMM normalization in edgeR (Robinson et al. 2010 ) and converted read counts to CPM. We used our phylogenetic estimates for 620 each of the 24 venom gene families to identify venom gene homologs in the python (table 1) , and we used the term homolog to refer to multiple situations, including evidence of orthology (including 1:1 orthology) and other instances where our best estimate is based on a BLAST-based hit. We 625 categorized patterns of gene expression in several ways and compared these patterns between python venom homologs and the complete python gene set. We assigned all python genes to one of seven different log-scale categories based on their normalized expression levels in a given tissue: 1) 630 CPM = 0; 2) CPM = 0-1; 3) CPM = 1-10; 4) CPM = 10-100; 5) CPM = 100-1,000; 6) CPM = 1,000-10,000; and 7) CPM 10,000. We compared the pattern of expression levels between venom gene homologs and all other python genes using a Fisher's exact test. relevant, we used multiple thresholds of CPM read counts for "presence" of a gene in a given tissue: 1) CPM 4 1; 2) CPM 4 10; 3) CPM 4 100; 4) CPM 4 1,000; and 5) CPM 4 10,000 ( fig. 4 ). Significant differences between venom homologs and all other genes were tested using
645
Fisher's exact tests.
Supplementary Material
Supplementary figures S1-S20 and tables S1-S5 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
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